In order to maximize the recovery of silicon wafer in waste crystalline silicon solar cells, chemical treatment has been carried out by using the mixed solution of hydrofluoric acid (HF) and nitric acid (HNO 3 ). The effect of HF and HNO 3 concentrations on etching rates of several components such as silver (Ag) 
Introduction
Due to the increase in photovoltaic (PV) market in the world, the recovery of end-of-pipe or rejected PV modules has been also much in demand. It is particularly important to establish the reusing or recycling system of crystalline silicon solar cell which accounts for PV modules above 80% in the world. A typical recycling flow 17) of crystalline silicon solar cells is shown in Fig. 1 . Frames made of aluminum are detached, polymer encapsulants made of ethylene vinyl acetate (EVA) and glasses are removed, and silicon solar cells are etched chemically. Both of the frames and the glasses are usually recovered for reusing or recycling. However, the solar cells do not always recover due to the crack in cases of the separation of the EVAs and the glasses from the PV modules.
There are a variety of investigations on chemical treatment of silicon solar cells. The etching targets are the surface electrode made of silver, the anti-reflection film (AR) including silicon nitride, the back electrode made of aluminum and the p-n junction part in the silicon wafer. In order to dissolve each target efficiently, various etching solutions were used sequentially as follows: HNO 3 -HCl-HF/ HNO 3 , 3) HCl-HF/HNO 3 , 3) NaOH-HF, 3) HF/HNO 3 /CH 3 -COOH, 8) HF/H 2 SO 4 /CH 3 COOH, 8) HF/HNO 3 -KOH, 9) H 3 PO 4 -HF/HNO 3 , 9) HF/HNO 3 /CH 3 COOH, 10, 11) HF/ HNO 3 /Br 2 , 10, 11) HF/HNO 3 /AgNO 3 , 12, 13) NOHSO 4 /HF/ H 2 SO 4 12,13) and HF/HNO 3 /CH 3 COOH/Br. 14) However, there was little study on the etching rate of each component in the silicon solar cell when concentration of etching solution was varied widely. In addition, the relationship between the silicon wafer recovery yield and the etching rates was not analyzed sufficiently, although it depends on the etching rates of silver, aluminum and AR film covering the silicon wafer. The present work is intended to propose the etching procedure to obtain the maximum silicon recovery yield by studying the effect of the composition in hydrogen fluoride (HF)-nitric acid (HNO 3 ) solution on the etching rate of each component of the silicon solar cells. Figure 2 shows a schematic diagram of multicrystalline silicon solar cell used for experiment. The sample surface area was 0.031 © 0.031 m 2 and the thicknesses were 1.6 © 10 ¹4 m for the silicon wafer (silicon, Si), 8.0 © 10 ¹8 m for the 
Experimental Procedure

Experimental procedure
Quantitative analysis of components in solar cells
Silver, aluminum and silicon concentrations in the etching solution were analyzed quantitatively in order to find the temporal change in weight of each component in the solar cell. Silver etching amount was obtained from measuring weight of AgCl precipitate after putting excess NaCl into the etching solution. Aluminum concentration in the etching solution was measured by the chelate titration method using EDTA as titrant and Cu-PAN as indicator. To determine the silicon concentration, 15 ) K 2 SiF 6 was precipitated by adding KCl and ethanol into the H 2 SiF 6 -contained etching solution, and then K 2 SiF 6 precipitate was dissolved by adding NaOH solution as
Results and Discussion
Relationship between etching time of solar cell and acid residual ratio
The etching reaction equations of Ag, Al, Si 3 N 4 and Si in HF/HNO 3 solution are as follows:
As the weights of Ag, Al, AR(Si 3 N 4 ) and Si in the sample were 3.1 © 10 ¹5 , 3.2 © 10 ¹5 , 2.6 © 10 ¹7 and 3.7 © 10 ¹4 kg, respectively, mole numbers of HF and HNO 3 used to etch the above components were calculated as 0.083 and 0.018 mol, respectively. Consumption of HF and HNO 3 for Ag etching expressed by eqs. (1) and (2) was distributed according to molar ratio of HF/HNO 3 = 6.61/3.25 as shown in section 2.1. Hydrogen fluoride consumed by Si etching were 0.079 mol (95% of total HF), whereas nitric acid were 0.018 mol (78% of total HNO 3 ).
The etching times of Al, AR and Si in the sample are shown in Fig. 4 where C HF and C HNO3 are defined as HF and HNO 3 As Si wafer is covered with Ag and AR, Si etching starts after a complete dissolution of either Ag or AR, which generally complicates the Si etching behavior. However, the Si etching rate in Fig. 8 was almost kept constant. It is because the Ag and Ar etching times are much more rapid than Si and have little effect on the Si etching behavior.
Effect of HF and HNO 3 concentrations on etching
rate of each component in solar cells A schematic diagram of solar cell etching procedure is shown in Fig. 9 . Both Al and AR dissolve initially and Si etching starts on one side after complete dissolution of Al or AR, and follows on both sides of the sample after complete dissolution of AR and Al. The etching rate, r Si (nm/s), of Si on one side is expressed by using t i : complete dissolution time (s) of component i (= Al, AR, Si), µ Si : Si density 
B. when t Al > t AR ,
Both of eqs. (6) and (7) results in eq. (8) .
When d Al (nm) and d AR (nm) are defined as thickness of Al and AR, respectively, Al etching rate, r Al (nm/s) and AR etching rate, r AR (nm/s) are given by eqs. (9) and (10), respectively.
Figures 10, 11 and 12 show the relationships between ¹r Al , ¹r AR and ¹r Si , and HF mole fraction, m HF (¹), respectively. As the Al etching rate at m HF = 0 without DI water had the different scale from the other data, dashed lines were ruled to correlate with neighboring plots instead of solid lines. All etching rates peaked at m HF of about 0.8, which was slightly larger than 0.670.72 as shown by H. Robbins. (11) when mixing solution of HF and HNO 3 is used.
Fig . 10 Relationship between Al etching rate and HF mole fraction. .
The multi-regression analysis of eqs. (11) and (12) Fig. 15 . It was found that the regression calculation explained the experiment.
The maximum Si recovery is achieved when the AR layer on the surface and the Al layer on the opposite side in the solar cell complete their etching at the same time. Therefore, the etching rates of AR and Al affects the Si recovery. 
Conclusions
Chemical treatment of multicrystalline silicon solar cell was carried out by using mixed solution of hydrofluoric and nitric acids.
(1) The etching time of silicon solar cell became almost constant when masses of HF and HNO 3 remained over 86% and 75%, respectively, relative to the initial conditions in the etching solution. (2) The etching rates of Ag, Al and Si were kept almost constant and became larger with the increasing HF concentration and the etching temperature. 
